[1] In recent decades, many perialpine lakes have been affected by oligotrophication due to efficient sewage treatment and by altered water turbidity due to upstream hydropower operations. Such simultaneous environmental changes often lead to public debate on the actual causes of observed productivity reductions. We evaluate the effects of those two changes by a combined approach of modeling and data interpretation for a case study on Lake Brienz (Switzerland), a typical oligotrophic perialpine lake, located downstream of several hydropower reservoirs. A physical k-e scheme and a biogeochemical advection-diffusion-reaction model were implemented and applied for several hypothetical scenarios with different nutrient loads and different particle input dynamics. The simulation results are compared to long-term biotic data collected from 1999 to 2004. The analysis shows that enhanced nutrient supply increases the nutritious value of algae, stimulating zooplankton growth, while phytoplankton growth is limited by stronger top-down control. Annually integrated productivity is only slightly influenced by altered turbidity, as phosphorous limitation prevails. Simulations indicate that the spring production peak is delayed because of increased turbidity in winter caused by upstream hydropower operation. As a consequence, the entire nutrient cycle is seasonally delayed, creating an additional stress for zooplankton and fish in the downstream lake. 
Introduction
[2] In the 1960s eutrophication was recognized as the major water quality problem, progressively affecting valuable lakes, rivers, and coastal areas [Sawyer, 1966; Vollenweider, 1968] . Anthropogenic inputs of nitrogen (N) and phosphorus (P), often from nonpoint sources, were identified as the primary causes for increasing algal biomass in temperate lakes [Vollenweider, 1968; Vallentyne, 1973; Dillon and Rigler, 1974] . In order to mitigate eutrophication, wastewater treatment plants-including Fe-induced P precipitation-were constructed throughout the industrialized world [Schindler, 1974; Forsberg, 1987] . Subsequently algal proliferation was prevented and water quality restored [Anderson et al., 2005; Jeppesen et al., 2005] . The successful reduction of algal biomass resulted in many cases in a unintended decline of freshwater fisheries [Ashley et al., 1997; Larkin and Slaney, 1997; Stockner et al., 2000] .
[3] In many perialpine streams and lakes long-term fishing yields indicate a persistent decline since the 1970s [Burkhardt-Holm et al., 2002; Borsuk et al., 2006; . Besides the evident nutrient reduction, numerous potential causes have been identified [Burkhardt-Holm et al., 2002; Borsuk et al., 2006] . One of the important anthropogenic impacts is the alteration of water turbidity caused by land use change [Swift et al., 2006] , erosion [Effler et al., 2001] , mining [Guenther and Bozelli, 2004] or upstream damming . Perialpine regions of the European Alps and the Rocky Mountains are specifically affected by mineral riverine particle loads, due to the high ablation rates of 0.1 to 0.65 mm a À1 [Hinderer, 2001] . Consequently, alpine and perialpine rivers transport enormous masses of suspended solids to lowland lakes. Sediment retention in upstream reservoirs leads to reduced particle concentrations and consequently lower water density in downstream rivers. As a result, their plunging and intrusion dynamics in downstream lakes is changed , lake deep water renewal may be reduced [Loizeau and Dominik, 2000] , and allochthonous particle supply to the epilimnion may become more frequent . Reduced in situ light radiation limits primary production [Jewson and Taylor, 1978; Krause-Jensen and Sand-Jensen, 1998 ] which subsequently affects the entire food web of the lake [Finger, 2006] . In addition, damming often leads to a seasonal shift of particle fluxes and downstream lake turbidity.
[4] In summary, cultural eutrophication and man-made alterations in the upstream catchment, such as water diversion, damming and reservoir construction have been the most prominent anthropogenic impacts on water quality of perialpine lake ecosystems during the last century. It is therefore essential to comparatively assess the effects of oligotrophication and upstream hydropower operations on plankton and productivity in perialpine lakes to improve water resources management and preserve near-natural lake ecosystems. In the present study we assess and compare the effects of changing P input and altered turbidity on plankton dynamics in perialpine Lake Brienz. To estimate these anthropogenic impacts, a one-dimensional physical and biogeochemical model was calibrated to present conditions. This model was then used to simulate hypothetical scenarios with increased P supply (as during the 1970s) and natural surface turbidity (as prior to damming). The simulation results of the scenarios were compared to long-term data sets of phytoplankton biomass. The study concludes by assessing the main reasons for the exceptionally low yields in Lake Brienz compared to other perialpine lakes.
Study Site: Lake Brienz
[5] Lake Brienz, located in the foothills of the Bernese Oberland (Figure 1) , is characterized by a 260 m deep basin (Table 1 ) eroded in the Mesozoic rocks by fluvial and glacial forces [Sturm and Matter, 1978] . Over 80% of the 1127 km 2 catchment is drained by the two major inflows, Aare and Lütschine rivers, which enter the lake at the eastern and western longitudinal ends (Figure 1 ). While Aare River drains a 554 km 2 crystalline watershed, Lütschine River is supplied by a 379 km 2 sedimentary catchment [Sturm, 1976] . About 20% of both watersheds are covered by glaciers [Abteilung Landeshydrologie des Bundesamtes für Wasser und Geologie, 2005] causing a large suspended particle transport of about 128 kt a -1 in Aare and 174 kt a À1 in Lütschine . These loads lead to particle concentrations within Lake Brienz of up to $25 g m À3 during the peak of snow and glacier melting in summer .
[6] In response to eutrophication, sewage treatment plants with Fe-induced P precipitation have been constructed since the 1970s. In the weakly populated catchment of Lake Brienz (Table 1) these measures, along with a prohibition of P-containing detergents, have drastically reduced the input of bioavailable P (denoted in the following as bio-P, includes particulate P reversibly bound to inorganic particles) to a fifth of the loads during the 1970s (Figure 2a) . Consequently, today Lake Brienz is an ultraoligotrophic lake (P < 1 mg m À3 ), as it was before the eutrophication phase at the beginning of the twentieth century [Müller et al., 2007a] . Simultaneously to the declining bio-P input fishing yield has dropped to almost a quarter of its 1970s value (Figure 2a ), while plankton densities decreased only slightly (Figure 2b ).
[7] Following a devastating flood in spring 1999, fishing yield collapsed almost completely, coinciding with the disappearance of Daphnia-Cladocera . Low algae production due to high turbidity and low temperatures and high discharge flushing Daphnia out of the lake are hypothesized causes for the collapse. However, the observed longterm biotic changes in Lake Brienz can only be explained by long-lasting external impacts on the ecosystem.
[8] During the last century seven hydropower reservoirs have been built in the headwaters of Aare (Figure 1 ). Particle retention in the reservoirs amounts to 232 kt a À1 , decreasing the annual suspended load by over 50%. Contrary, hydropower production has doubled the particle load during winter. As a consequence, today, particle concentrations in the top 50 m of Lake Brienz are double during winter and half during summer, compared to the situation before the construction of the dams . Since light attenuation in Lake Brienz is to 98% dominated by mineral inorganic particle concentrations , the particle dynamics directly affect light availability for photosynthesis and therefore the temporal dynamics of algae growth . The hydropower reservoirs also retain annually about two tons of P reversibly bound to inorganic Average total discharge in Aare and Lütschine (1997 -2004) . b Average discharge at the outflow (1997 -2004) ; the difference between inflow and outflow is due to (1) precipitation minus evaporation and (2) minor inflows.
particles [Müller et al., 2007a] or $25% of the annual bio-P supply to Lake Brienz.
[9] In summary, Lake Brienz has been affected by three anthropogenic impacts during the last century: (1) cultural eutrophication up to the late 1970s, (2) subsequent reoligotrophication due to effective wastewater treatment and (3) modified seasonal turbidity dynamics due to the construction and operation of dams in the Aare headwaters over the last century.
Data and Modeling Approach
[10] For understanding the processes leading to biotic changes within Lake Brienz, various data of past investigations have been analyzed (Table 2 ) and are used in the present modeling study. In the following we first present the relevant data and then the modeling approach. A detailed overview of the numerical model and the input data used in this study is given in the supplementary material. 
Model Input Data
[11] As part of their lakes monitoring program, the Water and Soil Protection Laboratory of the Canton Bern (GBL) performs sampling at the deepest location on Lake Brienz. Since 1994, the survey includes monthly CTD profiles using a SBE-19 (Seabird, USA) equipped with conductivity, temperature, depth, pH and dissolved oxygen sensors (as well as, since 1997, a 10 cm SeaTech transmissometer). Monthly phytoplankton and zooplankton net hauls were added to the program in 1995, and monthly photosynthetic active radiation (PAR) profiles measured with an underwater LI-COR sensor (Bioscience, USA) in 1999. The latter were used to determine light attenuation coefficients (K 0 ). A similar monitoring program was also conducted for downstream Lake Thun (Figure 1 ), which is much less affected by glacial particle input. Furthermore, between 25 February 2003 and 7 July 2004 water samples were collected at the deepest location of Lake Brienz and analyzed by sequential P extraction and standard methods for soluble reactive P [Hoyle, 2004; Müller et al., 2007a] .
[12] In the tributaries Aare and Lütschine discharge (Q), temperature (T) and electrical conductivity, converted to salinity (S) according to Wüest et al. [1996] , are monitored by the Swiss Hydrological Survey (LHG-BWG). While Q has been recorded since 1905 (in Lütschine since 1908), T monitoring started in 1974 and S has been occasionally determined since 1991. The mean riverine bio-P loads have been estimated by establishing a consistent bio-P balance [Mü ller et al., 2007a] , which is based on river water samples, ablation rates estimated from land use data, and lake internal net sedimentation measured in sediment traps and cores (Figure 3) .
[13] Meteorological data (global radiation (I), wind speed (v), relative humidity (F), vapor pressure (p g ) and air temperature (T a )) have been continuously recorded since 1999 at a weather station of MeteoSwiss near the west end of Lake Brienz (position B in Figure 1 ).
Modeling Approach
[14] All simulations were performed with a combination of two independent models: (1) a buoyancy-extended k-e model developed by Goudsmit et al. [2002] was used to predict vertical diffusion and (2) a biogeochemical advection-diffusion-reaction model [Omlin et al., 2001 ] based on the simulation software AQUASIM developed by Reichert [Nef, 1992] , and (c) plankton dynamics between 1993 and 2005 (GBL data). Calculated by the means of electrical conductivity after Wüest et al. [1996] . . Schematic bioavailable P balance in Lake Brienz according to Müller et al. [2007a] . Input load of bioavailable P is composed mainly of phosphate. Sedimentation fluxes are primarily particulate P.
[1994] was modified and used to simulate the biogeochemical cycling in the lake (see auxiliary material, Figure S1 ).
[15] Vertical turbulent diffusivity K z (z) was estimated with daily resolution for the years 1999 to 2004 using the model of Goudsmit et al. [2002] . The model requires as input hydrological data from both inflows (Q, T, S), time series of river intrusion depth as determined by Finger et al. [2006] , meteorological data (I, v, F, p g , T a ) measured by MeteoSwiss (Table 2) , and K 0 determined from the PAR profiles collected by GBL (auxiliary material, Figure  S1 ). Three model-specific parameters were fitted by the least squares method to reproduce the monthly measured temperature profiles (Table 3 ). These three parameters are (1) the scaling factor for the infrared heat flux (p 1 ), (2) the scaling factor for the wind energy transfer to the internal seiches (a), and (3) a coefficient defining the vertical distribution of seiche energy dissipation (q). Temperature was used for calibration rather than salinity or suspended solids, because it dominates density stratification in Lake Brienz. The resulting time series of K z (z) were then used as input data for the biogeochemical model.
[16] To simulate the phytoplankton and zooplankton densities in the lake we modified the biogeochemical model established by Omlin et al. [2001] . Processes which are not of major importance for primary production in Lake Brienz were excluded (e.g., nitrogen cycling). The changes relative to Omlin et al. [2001] are listed in Table 3 , and the complete model is summarized in the auxiliary material, Text S1, section 2. The biogeochemical model requires the following input data from both inflows: Q, T, S, river intrusion depth dynamics, bio-P input and dissolved oxygen input. The river input depths presented by Finger et al. [2006] were seasonally averaged and split up into deep water input (Q hyp ) and surface intrusion (Q epi ) (Table 3 ). Riverine bio-P inputs have been determined by Müller et al. [2006] and were distributed between the productive epilimnion and the deep water according to the river intrusion depths (Figure 3) . The model was initialized by running it for 1 year using the boundary conditions of 2002, a year with average meteorological and hydrological conditions.
[17] The following dynamic lake variables were simulated:
), dead organic matter (X in 
to account for photoinhibition, an additional term was added to the algae growth process; E photo , was determined from typical productivity profiles 
experimental observations of C assimilation are presented by Finger et al. [2007] a Components concerning the nitrogen cycle were removed, as they can be neglected for our purposes. As sedimentation rates exceed 0.64 cm a À1 , interaction (e.g., mineralization) with sediment can be neglected [Müller et al., 2007a] , and the sediment compartment was removed from the model. Planktothrix rubescens was removed as it is irrelevant for Lake Brienz. b A detailed description of the physical lake model and its parameters is given by Goudsmit et al. [2002] . ), P incorporated in dead organic material (X P in g P m
À3
), P adsorbed to dead organic material (X P,I in g P m
), and zooplankton biomass (X ZOO in g DM m
). The interactions between these variables are described by eight processes: (1) growth of algae, (2) respiration of algae, (3) death of algae, (4) growth of zooplankton, (5) respiration of zooplankton, (6) death of zooplankton, (7) adsorption of phosphate to organic particles and (8) aerobic mineralization within the water column. The full mathematical descriptions of these interactions are described in the auxiliary material, Text S1, section 2.
[18] In the following we point out some details of the lake internal P cycling, which are important to understand the model results. In oligotrophic systems, such as Lake Brienz, P incorporation in newly built algae becomes of major importance. It is often assumed that P incorporation in newly built algae biomass (in the following described as b P given in g P g DM À1 ) follows a constant mass P:C ratio of 1:41 (molar ratio of 1:106), the so-called Redfield ratio [Redfield, 1958] . However, observations in oligotrophic freshwaters indicate that P:C shifts drastically toward C at S HPO 4 lower than $7 mg m À3 reaching mass ratios of up to 1:270 [Guildford and Hecky, 2000] . Observations in other lakes indicate furthermore, that P:C in algae alters seasonally [Hupfer et al., 1995] . On the basis of these insights, Omlin et al. [2001] expressed b P as a steady function of S HPO 4 (see the auxiliary material, Text S1, section 2.3):
[19] S HPO 4 ,crit in g P m À3 defines the critical value and DS HPO 4 in g P m À3 scales the range within which b P changes from b P,min to b P,max . In contrast to algae, C:P ratios within zooplankton populations show little variation, even in starvation and food enrichment experiments [Andersen and Hessen, 1991] . Consequently, the amount of algae biomass required for zooplankton growth increases with decreasing algal P content. The dimensionless scaling factor F ZOO = a P,red /a P,ALG , also called ''feeding requirement'' below accounts for this dependence, where a P,red in g P g DM À1 is the ratio of P incorporated in plankton biomass under Redfield conditions, and a P,ALG in g P g DM À1 is the average P content of the current phytoplankton population (auxiliary material, Text S1, section 2.6). In steady state conditions, a P,ALG is equal to b P (equation (1)), and F ZOO simplifies to a P,red /b P , depending directly on S HPO 4 (Figure 4) . In ultraoligotrophic waters, such as Lake Brienz, changes in F ZOO are of major importance, as discussed below.
[20] Mieleitner and Reichert [2006] established a sensitivity ranking for potential fit parameters in a similar model. In accordance with their findings we calibrated the following parameters iteratively by means of least squares fits to relevant data (Table 4) : maximal growth rate of algae (k gro,ALG,20 ) and maximal specific death rate of algae (k death,ALG,20 ) were fitted to observed X ALG ; maximal growth rate of zooplankton (k gro,ZOO,20 ) and maximal specific death rate of zooplankton (k death,ZOO,20 ) were fitted to zooplankton density; half-saturation concentration for algal growth with respect to phosphate (K HPO 4,ALG ) and half-saturation light intensity for algal growth (K I,ALG ) were fitted to measured productivity and observed X ALG and X ZOO ; the coefficient DS HPO 4 in equation (1) was fitted to measured S HPO 4 and annual bio-P fluxes; and maximal uptake rate of S HPO 4 on sinking particles (k up ) was fitted to the bio-P flux measured in sediment traps and sediment cores [Müller et al., 2007a] .
Model Scenarios
[21] In order to evaluate the effects of altered light regime (due to upstream hydropower operations) and of reduced bio-P input (oligotrophication) on the ecosystem of Lake Brienz and to test the sensitivity of the biogeochemical Figure 4 . P incorporation (b P ) in newly built algae (at constant phosphate concentration equal to P concentration in algae (a P,ALG )) and steady state feeding requirement per mass zooplankton on phytoplankton (a P,red /b P ) as a function of phosphate concentration. model to individual parameters, a set of eight hypothetical scenarios was developed with (1) variable bio-P inputs and (2) altered light attenuation dynamics (Table 5 ). The simulation results were then compared with those of the calibrated model for the years 1999 to 2004, in the following referred to as the ''Present'' scenario.
[22] The scenarios 1 to 5 listed in Table 5 were used to assess the effects of bio-P input on the ecology of the lake:
[23] 1. Scenario P1: S HPO 4 ,in,Aare was set to 5.16 mg P m À3 , which is equivalent to an enhanced bio-P load in Aare by 2 t P a
À1
, representing a hypothetical situation without bio-P retention in the upstream reservoirs.
[24] 2 -5. Scenarios P2 to P5: S HPO 4 in the inflows was altered ranging from present input (S HPO 4 ,in,Aare = 3.5 mg P m
À3
; S HPO 4 ,in,Luet = 2.1 mg m
; equivalent to a total input of 7.8 t P a À1 , including other sources) to enhanced input (S HPO 4 ,in,Aare = 17.5 mg P m
; S HPO 4 ,in,Luet = 10.5 mg m À3 ; equivalent to a total input of 30 t P a À1 ), as assumed during the 1970s (Figure 2a ) [Müller et al., 2007a] . These scenarios (P2 to P5) represent-in reverse order-the continuous decline of bio-P loads since the 1970s.
[25] Hydropower-related upstream water retention significantly reduces turbidity and river discharge during summer, but increases both of them during winter when the stored particle-laden water is released for hydropower production ( Figure 5 ) . Besides this, the hydropower operations alter river water density and thereby river intrusion dynamics , affecting the vertical distribution of riverine bio-P inputs. To assess the effects of each of these impacts on plankton dynamics, the two hypothetical scenarios 6 to 7 were established (Table 5) :
[26] 6. Scenario ''No-dam 1'': This scenario is identical to the Present scenario, except for the boundary conditions for light attenuation and discharge. K 0 was used as predicted by Jaun et al. [2007] for a hypothetical situation without upstream hydropower dams, and the mean discharge from Table 3. 1910 to 1930 was used, representing the epoch previous to damming;
[27] 7. Scenario ''No-dam 2'': in addition to the changes adapted in scenario No-dam 1, river intrusion dynamics and consequently also the vertical distribution of riverine bio-P inputs were altered as predicted by Finger et al. [2006] . Furthermore, bio-P load in Aare was increased by 2 t P a
À1
(accounting for bio-P retention in the reservoirs [Müller et al., 2007a] ) to reflect conditions previous to damming.
[28] Since the severe collapse in fishing yield in the year 1999 occurred only in Lake Brienz, while downstream Lake Thun (Figure 1 ) remained almost unaffected, we implemented an additional scenario to evaluate the effects of glacial inorganic particles on the biogeochemical cycling:
[29] 8. Scenario ''Lake Thun'': equal to the Present scenario but using K 0 measured in Lake Thun which is not affected by glacial inorganic particles.
Observations and Model Results
[30] In the following sections we first present the boundary conditions for the biogeochemical model, such as vertical mixing produced by the physical lake model, river intrusions and bio-P input. Then the Present scenario is discussed in order to demonstrate the plausibility of the simulations, and afterward each hypothetical scenario is evaluated individually.
Boundary Conditions for Biogeochemical Cycling in Lake Brienz
[31] A unique characteristic of Lake Brienz is its steep and 260 m deep basin. Nevertheless, dissolved oxygen concentrations remain above 8 g m À3 most of the time (Figure 6 ). The exceptionally low values observed in 1996 can be attributed to subaquatic slumps , which released large amounts of anoxic sediments. Oxygen supply to the deepwater is maintained by particledriven deep water intrusions of the main tributaries and deep convective mixing. These processes can be observed in time series of temperature profiles illustrated in Figure 6a . Particle-driven intrusions caused abrupt warming (e.g., flood of August 2005) and convective mixing in winter regularly led to cooling of the deep water (e.g., March 1999 March , 2003 March , 2004 March , 2005 .
[32] As outlined in section 3.2 vertical turbulent diffusivity was estimated from 1999 to 2004 with the buoyancyextended k-e model of Goudsmit et al. [2002] . Simulated and measured temperatures at 25, 50, 100 and 250 m depth are illustrated in Figure 7 . Simulated temperatures correspond well in value and in seasonal dynamics to the measured temperatures at all depths, which indicates that vertical mixing was well reproduced by the model.
[33] Although Lake Brienz is thermally stratified, mean average water temperature in the top 10 m reaches only $13.4°C in August (average 1995 to 2005) . This temperature is $3.5°C below that of Lake Thun, situated 5 km downstream of Lake Brienz . The lower temperature in Lake Brienz is explained by the low temperatures of Lütschine and Aare (annual average 5.8°C compared to $10°C at the inflow to Lake Thun) and intense surface turbidity increasing the albedo of the lake surface.
[34] On the basis of the bio-P budget established by Müller et al. [2007a] over 70% of the 7.7 t bio-P a À1 (±20%) is imported by Aare and Lütschine (Figure 3) . Most of the time S HPO 4 remains <1 mg m À3 demonstrating the extremely oligotrophic status of Lake Brienz (Figure 8 ). S HPO 4 > 1 mg m À3 is generally attributed to recent river intrusions. During winter river intrusions are less intense and distributed in the entire water column by convective mixing.
Present Scenario (Simulations for 1999 -2004)
[35] In Table 4 all parameters, which were fitted in order to perform the simulations presented below, are summarized and compared to recent studies on similar lakes. The most significant changes concern the parameters k gro,ALG,20 , k gro,ZOO,20 , k death,ZOO,20 , k death,ALG,20 and K HPO 4 ,ALG . Numerous test runs indicated that k gro,ZOO,20 has to be considerably higher than in other lakes to maintain the observed zooplankton population, because growth is reduced by the low P content in algae (a P,ALG ). Simulated effective growth rates of zooplankton (r gro,ZOO /X ZOO ) at 5 m depth reached up to 0.04 d , which corresponds to observed net Daphnia growth rates .
[36] Likewise, k gro,ALG,20 needs to be elevated, as low S HPO 4 and low T deteriorate growth conditions for X ALG and since an additional photoinhibition term was added to the model which further reduces average phytoplankton growth. Simulated phytoplankton growth rates (r gro,ALG / X ALG ) varied between 0.2 d À1 and 0.7 d
À1
, which is a typical range for microplankton [Kalff, 2002] . Phytoplankton in Lake Brienz is exclusively composed of small species, which have high growth rates, and typically form distinct spring blooms [Sommer et al., 1986] . Furthermore, the best fit for DS HPO 4 is significantly higher than in the other studies, which means that the C:P ratio already decreases from its maximum value at lower S HPO 4 but reaches Redfield ratio only at higher S HPO 4 (see auxiliary material, Text S1, section 2.3). This behavior seems qualitatively reasonable for an oligotrophic lake where S HPO 4 rarely exceeds 1 mg m À3 . Simulated C:P ratios in algae biomass are within the range observed in natural waters with different trophic status [Guildford and Hecky, 2000] . The C:P ratio affects the entire nutrient cycle, especially during periods with changing bio-P input as discussed below. Accordingly, modeled X ALG is very sensitive to DS HPO 4 compared to other studies which examined mesotrophic lakes.
[37] In Table 6 simulated annual bio-P fluxes, P B and X ALG and X ZOO are compared to observations in Lake Brienz. Observed bio-P inputs from the different sources were used as model inputs and are thus equal in the model and observations. With an average input of $7.8 t P a À1 simulated mean S HPO 4 in Lake Brienz varies around 1 mg m
À3
, which falls in line with observed phosphate concentration presented in Figure 8 . The simulated bio-P fluxes to the sediment (S 255 ) agree almost perfectly with the values estimated from sediment traps and sediment core data [Müller et al., 2007a] . Simulated annual gross P B lies about 6% below the estimations of Finger et al. [2007] . These agreements between simulations and observations generate confidence in the biogeochemical model for annual simulations.
[38] Regarding the consequences of the flood in April and May 1999 the seasonal evolution of biological processes may be essential for the plankton dynamics in the lake. Figure 9 . The seasonal dynamics of these parameters can be described in four seasons:
[39] 1. Winter: Convective mixing as well as plunging inflows lead to water exchange between hypolimnion and epilimnion and S HPO 4 is homogenized in the entire water column. Although turbidity is low (K 0 = $0.2 m À1 ), short days and weak radiation lead to low E z at 5 m depth. Together with low T, this low light availability severely limits algae growth (<0.05 g C m À2 d
À1
) and subsequently X ALG and X ZOO reach a minimum ($0.015 g DM m
À3
, 0.003 g DM m
, respectively). During this season simulated plankton densities correspond well to measurements.
[40] 2. Spring: Just before the onset of snowmelt and subsequent elevated surface turbidity, conditions are best for algal growth: S HPO 4 exceeds 1 mg m
, average irradiance increases because of longer days, turbidity is still low, water temperatures are rising and the zooplankton population is not yet fully developed. Consequently annual maxima of P B are reached (measured maximum: 0.36 g C m À2 d À1 ) leading to an important buildup of X ALG . Although simulated algal growth is twice as high as estimations by Finger et al. [2007] during this period (Figure 10 ), numerous test runs with different growth rates indicate that such a growth rate is necessary in order to adequately simulate X ZOO , annual bio-P fluxes and annual production. We discuss several reasons for this important discrepancy between simulations and observations in the discussion section.
[41] 3. Summer: As a result of the intense algae growth in spring, S HPO 4 drops below 0.5 mg m
. Simultaneously X ZOO feeds on X ALG , leading to typical X ALG and X ZOO of $0.12 g DM m À3 and $0.015 g DM m À3 , respectively. Moreover, light availability is reduced because of enhanced particle input (K 0 = $0.6 m À1 ). All these factors lead to relatively low P B of $0.25 g C m À2 d À1 during the warmest months of the year. Overall, summer conditions are well predicted by the simulations (Figures 9 and 10 ).
[42] 4. Fall: Upwelling, convective mixing and remineralization drive S HPO 4 above 1 mg m
. Simultaneously, surface turbidity decreases, leading to enhanced light availability. Therefore algae growth experiences a second peak, which is, however, heavily smoothed as the elevated X ZOO immediately feeds on X ALG . Consequently primarily X ZOO increases while X ALG remains at low levels.
[43] Altogether, simulations predict present observations reasonably well, except for the strong discrepancies in P B and X ALG during spring. Accordingly, the simulated seasonal dynamics of P B and X ALG should be interpreted with precaution and only be evaluated semiquantitatively and in comparison to other simulated scenarios. However, for our main objective to assess the comparative effects of anthropogenic influences, the annually integrated predictions are of greater relevance than the details of the short-term temporal dynamics.
Flood of 1999
[44] In May 1999, intense snow fall during the preceding winter and heavy precipitation led to an unusual flooding event. The total discharge from the lake during May 1999 was about double the long-term average in May and equal to the lake volume above 15 m depth. Subsequently, as discussed by Finger et al. [2006 Finger et al. [ , 2007 , surface turbidity was enhanced, reducing gross algae production in Lake Brienz. Nevertheless, besides Daphnia densities, no significant reduction in plankton densities (Figure 2 ) or composition was observed after the flood. However, simulations predict a significant delay in the spring X ALG peak and $30% lower X ZOO in spring 1999 (Figure 11) . Furthermore, the outflow of bio-P (P out ) was $23% above average, while S 255 was only $5% above average, indicating an enhanced upwelling and washout (Table 6 ). Although the simulations tend to overestimate algae production during spring, they demonstrate the relative effect of the 1999 flood on plankton biomass. Similar effects of the flood 1999 were observed in numerous test runs with various settings, which fortifies the relative differences between 1999 and typical plankton densities in 2000 to 2004. The simulations reveal further, that low P B in spring was subsequently-at least partially-compensated during summer because of higher S HPO 4 availability. P out represents outflow of P given by the product of the sum of X P,ALG , X P , X P,I , and S HPO 4 at 0 m depth and instant Q.
b S 255 represents P flux to sediment; for the simulations this was set equal to total P Input -P out .
Hypothetical Scenarios With Variable Bio-P Input
[45] For assessing the effects of changing bio-P input (Figure 2) , simulations of five hypothetical scenarios with altered bio-P input were performed as summarized in Table 5 . Since the model has been calibrated for present conditions, the following predictions do not account for different plankton composition and adapted growth rates which may occur under changing trophic conditions [Anneville et al., 2005] . Today, phytoplankton biomass in Lake Brienz is dominated by Chrysophyceae (35%), Bacillariophyceae (30%) and Cryptophyceae (15%). In the late 1970s phytoplankton was dominated by Bacillariophyceae and Flagellates [Kirchhofer, 1990] suggesting a significant change in community composition. Nevertheless, the simulations indicate general alterations within the ecosystem of Lake Brienz. Simulated annual averages for 1999 to 2004 for the hypothetical scenarios with higher P input are summarized in Table 7 .
[46] 1. Scenario P1: In this scenario S HPO 4 ,in,Aare was increased from 3.5 to 5.16 mg P m À3 accounting for the current retention of bio-P in the upstream reservoirs. Compared to the Present scenario mean X ALG does not change, whereas P B , a P,ALG (mean P content in X ALG ) and X ZOO all increase significantly (Table 7) .
[47] 2-5. Scenarios P2 to P5: Average S HPO 4 increases almost proportionally with increasing bio-P input both in the epilimnion and in the hypolimnion (e.g., for a fivefold of present S HPO 4 input, the simulation predicts 6.8 times higher Table 4 ). Solid lines illustrate simulations.
average S HPO 4 concentrations). P B is enhanced by 31% in the P2 scenario, but then does not increase further and even drops below present values for four and five times present bio-P input. X ALG first remains constant and then decreases with increasing bio-P input. In contrast, algal P content and average X ZOO increase almost proportionally to bio-P input (Table 7) . Test runs without X ZOO predict much higher X ALG indicating the strong top-down limitation which appears to become stronger with increasing bio-P input. Simulations for doubled bio-P input (scenario P2) fall in line with observations of plankton biomass and production during 1987 [Kirchhofer, 1990] , when bio-P input amounted to $13 t P a À1 (Table 7 and Figure 2a ). [48] In the Present scenario the ultraoligotrophic status of the lake leads to extremely low a P,ALG and subsequently the feeding requirement of zooplankton is elevated (Figure 4) . Such growth limitation of zooplankton due to low nutritious value in algae has been observed in numerous other studies [Hessen, 1992; Urabe and Watanabe, 1992; Elser and Hassett, 1994] . With increasing S HPO 4 the nutritional value rather than the biomass production of X ALG increases, with the result that simulated X ZOO reacts to small changes in bio-P input while X ALG appears to be insensitive. This insensitivity of X ALG to increasing bio-P input is supported by long-term X ALG observations in the center of the lake since 1968 [Nef, 1992] , which show little to no trends, even though bio-P supply to the lake has varied considerably throughout the presented time period (Figure 2) .
[49] The temporal dynamics of simulated S HPO 4 , P B , X ALG and X ZOO for the five hypothetical scenarios with increasing bio-P input are illustrated in Figure 12 . The major change relative to the Present scenario is that X ALG and X ZOO regenerate earlier in the year with increasing bio-P supply.
Hypothetical Scenarios Without Upstream Hydropower
[50] Hydropower operations lead to four altered boundary conditions for the biogeochemical cycling in Lake Brienz: (1) changed seasonal dynamics of riverine bio-P input to Lake Brienz as a result of water retention during summer and its release during winter, (2) modified light attenuation as summarized in Figure 5 , (3) retention of up to 2 t P a À1 of bio-P in the hydropower reservoirs [Müller et al., 2007a] , and (4) altered river intrusion depth as parameterized by Finger et al. [2006] . Model runs indicate that simulated plankton density reacts most sensitively to altered light attenuation and P retention, whereas the effects of altered intrusion or seasonal discharge dynamics alone are negligible.
[51] In Table 8 annual bio-P fluxes, average S HPO 4 in the epilimnion and hypolimnion, annual gross production, average P content in phytoplankton and average X ALG and X ZOO are summarized for the scenarios No-dam 1, No-dam 2, Figure 10 . Estimated C assimilation during algae growth (P B ) in the photic layer of Lake Brienz. Open squares illustrate measured in situ assimilation, black line shows interpolations according to Finger et al. [2007] , and dotted line represents simulated P B . and Lake Thun as described in section 3.3 and defined in Table 5 . Annual production and average plankton biomass are only weakly influenced by the different light conditions in the No-dam 1 scenario. Significant differences can only be noted in scenarios No-dam 2 where the bio-P input is increased by 2 t P a
À1
. In No-dam 2 scenario the annual production increases by $15%, average P content in algae by $5% and subsequently X ZOO increases by $40%, similar to the results for the P1 scenario above, where only the altered bio-P input but no change in light conditions was considered.
[52] In the Lake Thun scenario, implying a clear lake, annual production increases by $19%, while average P content in algae decreases by $5%. As a consequence, both, X ALG and X ZOO increase by $7% and $28%, respectively. Long-term observations in Lake Thun indicate about $30% more X ALG than in Lake Brienz [Nef, 1992] .
[53] The temporal dynamics of simulated S HPO 4 , P B , X ALG and X ZOO in the Present scenario and the two No-dam scenarios are compared in Figure 13 . Lower K 0 in the Nodam scenarios favors algae growth during winter and spring. Accordingly simulated X ALG and X ZOO develop almost two months earlier, depleting S HPO 4 significantly earlier than in the Present scenario. In summer intense turbidity and low S HPO 4 reduce P B , leading to lower X ZOO . The low P B in summer leads to higher S HPO 4 in fall. As a Observations in 1987: total P input (P TOT ) according to Müller et al. [2007a] ; other values according to Kirchhofer [1990] . Table 5. result, a second, less intense X ALG peak and a distinct second X ZOO maximum occur in fall.
Discussion
[54] Although numerical simulations remain a partial description of reality, they are a powerful tool to interpret observations. In the following we first discuss the accuracy of our model results and then compare the effects of the flood of 1999, cultural oligotrophication and altered surface turbidity due to upstream damming on plankton and productivity in Lake Brienz.
Model Accuracy
[55] In order to perform predictions for hypothetical scenarios present observations have to be adequately predicted by the model. Our simulations in Lake Brienz predict observations reasonably well (Figures 7 and 9 ), except for a short time period during spring. The following circumstances explain why simulation results may still adequately predict observation:
[56] 1. Simulated plankton densities are calculated with a high temporal resolution, while field observations are conducted on a monthly basis. It is therefore possible that the Table 5. spring peak in algae growth is simply missed by monthly samplings.
[57] 2. A one-dimensional model simulates average X ALG , assuming homogeneous lateral concentrations. In reality, especially in spring, nutrient concentrations in front of the rivers are higher than in the pelagic zone, locally leading to significantly higher algae growth which could not be observed by sampling in the center of the lake.
[58] 3. In our model, we use only one functional class of X ALG and X ZOO (using constant growth and death rates for each) in order to predict total biomass densities in the lake. In reality X ALG and X ZOO communities are composed of numerous species with varying growth and death rates. Mieleitner [2006] modeled plankton biomass considering five functional groups. However, we decided not to incorporate additional plankton classes in the model in order to avoid overparameterization and to preserve sensitivity to light and nutrients.
Impacts on Plankton and Productivity in Lake Brienz
[59] Attention was drawn to Lake Brienz because of the drastic decline of fishing yield after the flood in spring 1999. While Müller et al. [2007b] pointed out that fish were undernourished because of a lack of Daphnia in 1999, Rellstab et al. [2007] postulated that Daphnia populations collapsed because of the high washout, which could not be compensated by the slow growth rates of Daphnia. Although our model cannot reproduce exact plankton seasonality, the relative differences between the year-specific dynamics indicate that because of the hydrological conditions in 1999, X ALG development was delayed, leading to significantly lower X ZOO between March and August. This delay in 1999 was observed in all test runs with different settings (e.g., altered growth rates) and can therefore be assumed real. Obviously, plankton with lower growth rates are less capable of compensating for washout because of high discharge. Considering the low growth rates of Daphnia, a selective washout, as postulated by seems realistic. However, to draw more quantitative conclusions, further research is necessary.
[60] The most likely cause for the long-term trends in biotic indicators of productivity appears to be the ongoing oligotrophication due to effective sewage treatment. Experimental data show that phytoplankton adapts to the trophic status of natural waters [Guildford and Hecky, 2000] , incorporating less P per unit biomass at low P levels, whereas zooplankton reveals an almost constant C:P ratio [Andersen and Hessen, 1991] and consequently adapts its feeding requirement to P content in algae. Applying this concept in our model resulted in the simulated X ALG being not very sensitive to increasing bio-P input, falling in line with the long-term observations (Figure 2 ). In contrast, X ZOO grows much more efficiently on the same amount of algal mass, as the nutritious value of algae becomes higher with increasing P content. Consequently, while X ALG remains almost at present levels or even declines, simulated X ZOO increases almost linearly with the bio-P input, indicating that X ZOO is nutrient limited. This is especially important in regard to the decline of Daphnia densities, as they have been found to be very sensitive to such nutrient limited growth [Sommer, 1992; Urabe et al., 1997] . As a consequence of the nutrient limitation of zooplankton, fishing yield also declined between 1975 and 2005 almost proportionally to decreasing bio-P supply (Figure 2) .
[61] The results of simulations for more than fourfold present bio-P input have to be considered with precaution, as such changes in nutrients input result in alteration of the X ALG and X ZOO species composition, which again would require a new calibration of the model. Such a change in composition was also observed by Kirchhofer [1990] , when he compared plankton composition in 1987 (higher bio-P input than today (Figure 2) ) with observations from the year 1922 prior to cultural eutrophication [Flück, 1926] .
[62] Although our model can only partially reconstruct seasonal dynamics of X ALG , the relative differences in modeled dynamics in different scenarios indicate clear general trends. Comparison of present algae dynamics and observations of phytoplankton wet mass in 1987 [Kirchhofer, 1990] confirm the temporal differences observed in simulations with different bio-P inputs (Figure 14) : Observations from 1987 with an estimated bio-P input of $13 t a À1 (Figure 2a) can be compared to scenario P2 (Figure 12 ). Both simulated and observed X ALG depict a stronger and earlier spring peak for higher bio-P input. The simulations indicate that the X ZOO spring peak might have developed up to two months earlier during the eutrophication phase compared to the present situation. This insight falls in line with observations of Daphnia populations, which today appear to reach maximal densities later in the year than 10 a ago . Furthermore, a clear-water phase following the spring peak, where X ALG drops to very low levels, can be observed in the scenarios with increased bio-P input. This clear-water phase is typical for mesotrophic and eutrophic lakes [Sommer et al., 1986] and has been observed in Lake Brienz in 1987 [Kirchhofer, 1990] when annual bio-P input is estimated to $13 t P a
À1
. To make more quantitative and precise predictions, further research is necessary.
[63] While fishing yields in Lake Brienz were comparable to other perialpine Swiss lakes during eutrophication, they declined to less than half of other lakes for P concentrations below 3 mg m À3 (Figure 15 ). This indicates that low bio-P input alone cannot explain the declines in fishing yields. High light attenuation due to allochthonous particles is another major cause for the low productivity of Lake Brienz. Especially during winter when algae are randomly distributed by convective mixing, high turbidity reduces algal growth. Finger et al. [2007] estimated that production could be as much as 44% higher in Lake Brienz if the particle concentrations were the same as in Lake Thun. However, their approach included only the effects of light availability, but not the feedback of productivity on the availability of nutrients. For a hypothetical situation with no glacial particles (using PAR profiles from Lake Thun), our biogeochemical model predicts a 19% higher algal growth, while annual mean X ALG and X ZOO increase by 7% and 28%, respectively. Contrary to increased bio-P input, algal density reacts sensitively to increased irradiance. Because of unchanged P content in algae, the top-down limitation by zooplankton does not increase. Accordingly, X ALG and X ZOO both profit from enhanced light availability. These insights and the low fishing yields in Lake Brienz compared to Lake Thun indicate that turbidity affects production (and herewith fishing yields) under oligotrophic conditions (Figure 15 ).
[64] The main effect of altered surface turbidity due to upstream damming is a temporal shift of algae production. The No-dam scenarios indicate that higher light availability during winter and spring would lead to higher production during this season and a much earlier phytoplankton spring peak ( Figure 13 ). Consequently, S HPO 4 would be lower at the end of spring, when water temperatures increase. During summer algae production would be primarily limited by light availability (Figure 5) , allowing an accumulation of S HPO 4 but causing a minimum in X ZOO . Better light conditions in fall lead to a second algae growth peak, strongly top-down limited by X ZOO . These dynamics are confirmed by historical plankton counts from the year 1922 [Flück, 1926] illustrated in Figure 14 . However, as discharge and most probably also particle input in spring 1922 were above average in both inflows, the lake may have been atypically turbid . As a consequence, the algae bloom in spring might have occurred in 1922 later than under typical predam conditions. As mentioned above, because of the difficulties to reproduce observed phytoplankton dynamics in spring with the model, the relative differences between results of the Present and No-dam scenarios must be interpreted with care. However, as the relative changes were qualitatively consistent in different model test runs, we believe that they indicate the general trend of changes in seasonal dynamics.
[65] In summary, on the basis of our simulations and long-term plankton density observations it can be concluded that in ultraoligotrophic lakes algal biomass does not necessarily increase or may even decrease with increasing bio-P input. However, the nutritious value of the algae increases proportionally to P availability. Thus X ZOO becomes nutrient limited at low S HPO 4 , as its feeding requirement is inversely proportional to the nutritious value of algae. In contrast to oligotrophication, temporal shifts of plankton dynamics due to hydropower production appear to have a minor effect on annual mean X ZOO . However, simulations indicate that the regeneration of phytoplankton after winter seems to be retarded by increased light limitation in winter and spring, an effect which seems to become more important with ongoing oligotrophication. While the results of the present study do not suggest that the upstream dams were the main cause for the recent decline in fishing yields, they indicate that the damming [Kirchhofer, 1990] , and squares illustrate phytoplankton counts (right scale) observed in 1922 before the construction of hydropower dams [Flück, 1926] .
induced changes probably amplified the dominant effects of oligotrophication.
